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. AB.STRACT 
Factors influencing heat-affected zone microcracking· 
in a series of medium to high strength steels have been 
investigated using the bead-on-plate specimen. Steels 
evaluated \Arere liY-80, T-1, l-IY-150, 9t~i-4Co-.25C, and 
D6AC. The degree of cracking in the heat-affected zone 
was found to be directly related to the contour of the 
solidified weld bead, as revealed by the use of several 
contour parameters, rather than to the external welding 
parameters such as current and voltage. Inert-gas-metal-
arc 1velding vvas used for the bulk of the investigation. 
A comparison of the cracking sensitivity of the 
various steels with their chemistries has shown that 
lo,t ~ln/S ratios (less than 50) favor the occurrence of 
microcracl<ing. No microcraclcing was observed in steels 
with very high ~1n/S ratios ( 130-17 5). Additional 
comparisons with other steels also indicate that the 
density of microcracking increases with increasing carbon 
content, for a given Ivin/S ratio, a.nd that other elements 
may influence cracking to a lesser degree. 
It is concluded that microcracks of the type studied 
.,l 
are of a high temperatu.re nature., occurring just below 
'1. ' 
the bulk solidus temperature of 1the alloy. They are 
caused by the presence of local unfavorable tensile 
~ stresses during solidification of the weld metal. The 
., .4 
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magnitude of these stresses and the temperatures at 
. ' 
which they are imposed are governed by the bead contour. 
The bead-on-nlate specimen and a modification of 
the Lehigh restraint specimen were used to study the 
relationship between heat-affected zone microcracking 
and delayed, hydrogen-associated cracking. No relation-
ship between the two was found. There was no evidence 
to indicate that delayed failure initiates at small 
microcracks. 
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The expanding technology of recent years has 
evinced a growing need for engineering structures; 
from pressure vessels Etnd otl1er large industrial equip-
ment to rocket motor casings, vThich are capable of 
carrying high design stresses. Such structures require 
the use of materials which may be heat treated to much 
higher strEngth levels than those typical of plain 
carbon or w1treated low alloy steels. The tendency 
has been to use the various grades of quenched and 
temnered steels for such applications. Although many 
promising high strength materials are available, 
d.ifficulties in f2brica.tion, joining in particular, 
often limit their usefulness. Therefore, it is not 
surprising to find that t11e most v1idely used grades of 
various medium to high strength steels (over 70,000 psi 
yield strength) are those which possess inherent ease 
of fabrication or those for which fabrication difficulties 
have been overcome. 
For most of the large steel structures, welding is 
the priraaIJ' joining technique. }1 any such structures 
would not be feasible, either practically or economically, 
but for the ability of their component materials to be 
welded. Generally, as one moves toward higher strength 
steels, the welding problems, particularly ~Tith respect 
to cracking susceptibility, become more severe. At the 
same time, the higher stress levels involved, together 
,' I 
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with the generally lower fracture toughness, reduce the 
tolerance for v;relding defects for satisfactory service. 
Theref.or'e, fabrica.tors of highly stressed stn1ctures 
have had to tighten quality standards and pay more 
attention to the elimination of minor flaws which would 
not jeopardize satisfacto~J service in tougl1er, lovrer 
strength materials. 
W~ldments of quenched and tempered steels are 
subject to a variety of cracking problems. These may 
be conveniently broken down into three major groups: 
1) hot cracl<ing, v1hich occurs VE1Ff soon a.fter welding 
and generally results from compositional effects and/or 
the inability of the material to adjust to non-uniform 
thermal stresses in the weld area; 2) cold cracking, 
which is often related to hydrogen and occurs after 
the weldment is equalized in temperature, often hours 
or days after welding is complete, and; 3) service 
cracking, which may result from any of a variety of 
service conditions, such as stress, temperature, presence 
of corrosive media, etc. Other criteria w11ich are sorae-
times used to classify weldment cracks distinguish be~-
tween macrocracks (visible) and microcracks, or designate 
the path of cracking, either intergranular or transgranular. 
I'f one considers high-strength and ulza-high strength 
steels, the problem of microcracking becomes increasingly 
important. Iviicrocracks may occur either in the weld 
-------------------~'''~·<'·•·l,-, .... \.,1>1)' 
I 
{\ 
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metal or the heat-affected zone and are often so small 
that the common inspection techniques such as radiography, 
magnetic particle inspection, or ultrasonic inspection 
fail to reveal their presence. They may be so small 
that even normal mechanical polishing methods prior to 
metallographic examination may result in a thin layer of 
flowed metal sufficient to obscure them. The relatively 
low fracture toughness of the high-strength steels gives 
cause for concern about the nresence of such minute 
weldment defects. 
It has been established that as the yield strength 
of steel increases, the critical flaw size or critical 
crack length generally decreases. The critical crack 
length is defined as that length at which the crack 
becomes unstable and fracture extends rapidly solely as 
a result of the elastic energy stored in the structure, 
with no increase in external load. The inverse relation-
ship between critical crack length and yield strength is 
shovm by the equation given by Randall, I'1onroe, and 
I Rieppel. (l) 
Gy = 2(W/A)E 
y2 
where: Cy= critical crack length at 0.2% offset 
yield strength 
W/A = energy per unit area of fracture 
. 
(fracture toughness) determined by 
Charpy tests, in./lb./in. 2 
E = Young's modulus, psi • 
y = 0.2% offset yield' strength, psi • 
. t· 
. 1 
.,. 
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They have calculated the critical crack lengths for 
various welded conditions in an AISI 4340 type steel 
heat treated to a nominal yield streng~h of 240,000 psi. 
Average values reported were as low as .071". It is 
conceivable, therefore, that even if microcra.cks were 
originally smaller than this, they could grow under an 
applied stress until their length exceeded the critical 
crack length, at which time unstable fracture would 
occur. Such a case has in fact been sho~m by the above 
authors by using replica techniques to study crack 
growth. By taking a series of replicas of a weld metal 
mi crocrack, originally • 01ou long, as -progressively 
higher external loads are applied to the specimen, they 
show how the crack grows until it initiates complete 
failure at a nominal stress level 40,000 psi below the 
expected value. The most significant feature OT this 
ex~eriment is that the original defect had not been 
revealed by radiographic inspee154-0n, thus attesting to· 
the fact that subradiographic defects can be responsible 
for initiating premature failure in ultra-high strength 
materialr. Flanigan and Kaufman( 2 ) have shown the 
deleterious effects of fine weld metal microcracks 
-on tensile, fatigue, and impact properties. Such 
examples illustrate the importance of controlling mt .. c--ro.i,.· 
cracking in highly stressed weldments. 
' 
Confusion sometimes arises as to just what is meant 
..... 
.. 
·-.• . 
,, 
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by the term "microcrack. tt Some investigators have used 
the 1·.Jord to describe defects measured in terms of atomic 
dimensions. Others have defined a microcrack as any 
crack smaller than a specified length, i.e. 1/16~. 
Generally, a microcrack refers to any crack which may 
be seen with the ootical microscone but is too small to I 
be readily observed with the naked eye. 
on size often denends on crack width. 
l. 
The unner limit 
- l. 
rJiicrocracl<s 
studied in this investigation usually ranged from • 0005tt 
to .01on in length, as observed on a polished weld 
cross-section. 
Past investi·gations concerning 1nicrocracking have· 
sho'1\T!l that it can be caused eitl1er by hydrogen-Etssociated 
cold cracking or by a hot tearing type of mechanism. 
Flanigan et a12,3 and Winterton4 studied microcracking 
in mild steel weld metals and related the cracking to 
\. '""-1 .. 
hydrogen. Randall, Monroe, and Rieppel linked micro-
cracking in 4340 type weldments to grain boundary 
liquation and the segregation of sulphur and phosphorus, 
as determined by microprobe analyses in cracked regions. 
Boniszewski and Watkinson5 showed that heat-affected 
zone hot tearing in ferritic steels incr-eased as carbon 
content increased, for given levels of sulnhur and 
phosphorus. Several investigators6,7,B have reported 
microcracking in HY-80 steel, where it appears that the 
I 
cracking is of a high-temperature nature and is related 
. ,, ·-· ~ ''-. ·,· 
\. 
' 
' -~. 
,,. ' 
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to· the sulpl1ur and phosphorus contents. J\Tost invest-
igations, hovrever, a.re qua.litati ve in nature and do not 
relate cracking and compositional variations in a 
quantitative manner. 
The theories applied to microcracking depend upon 
whether the cracking is considered to be cold cracking 
or of a high-temperature nature. The theories for cold 
cracking ultimately utilize the various theories of 
hydrogen embrittlement as their basis. The theories for • l 
hot cracking are of two basic groups 9, depending upon 
the temperature at which cracking is postulated to 
initiate. The first group, the solid-liquid theories, 
propose that cracking is initiated above the solidus 
temperature for the lowest melting phase present. These 
are tl1e st1rink:age-bri ttleness theory, the strain theory, 
and Borland's generalized theory. The second group, 
which contains only the polygonization theory, postulates 
that cracking initiates in the solid state, when no liquid 
·phase is present. 
The base metal hot cracking theories are generally 
derived from the solid-liquid hot cracking theories for 
weld metals. It i_s generally believed tl1at thermal 
stresses from vvelding initiate cracl<:.s at liquid films 
adjacent to the. weld area. Various mechanisms for the 
\ f onnation of these films have been ad vane~~' ·but th€1 most 
common are: 1) preferential ·grain-boundary melting; 
-9-
2) low-melting segregates; or 3) absorption from the 
.. 
molten vleld rneta.l. The past 1_i,1ork on heat-affected zone 
J hot microcracking in alloy steels indicates that the 
presence of low-melting segregates is the most likely 
explanation. 
It has often been suggested in the literature that 
small heat-affected zone microcracks could serve as 
initiation points for delayed, hydrogen-associated 
' cracking~ Such proposals generally stem from the hydrogen 
embri ttlement tl1eories which postulate the migration of 
hydrogen to internal defects in the material, in this case 
microcrack~. The connection, if any, between micro cracks 
and delayed craclcing has never been conclusively 
established. 
The purpose of this investigation lttas to study the 
mechanism of heat-affected microcracking in a series of 
quenched and tempered steels representing various strength 
levels. Having done this, it was then sought to establish 
whether or not microcracking and delayed cracking were 
related. 
' t . 
.. 
-~-· 
' .. 
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EXPERTI·:IEI'JT AL PROCEDURE 
A series of steels chosen to renresent various 
>. 
strength levels was used in the program. The five 
basic steels, in order of increasing strength, v1ere 
HY-80 (1 1/2'' thick), T-1 (l''), HY-150 (ltt), 9Ni-4Co-.25C 
(ltt), and D6AC (l/2t'). 1,,vith the exception of the D6AC, 
which was annealed, all were used in the quenched and 
tempered condition. Additional steels, such as A302B, 
A201, A203, A212, HY-65, and otl1er heats of in HY-80, 
were used to a limited extent for comparative purposes. 
In the early stages of the program, Ell018 flux coated 
electrode was used for welding, but the bulk of the 
welding was done by ·the inert-gas-metal- arc "9rocess 
using l/16't diameter A632 wire. Base plate and electrode 
V 
compositions are listed in Tables I and II. 
Vf elding 
VJith the exception of some preliminary test welds 
made with flux-coated electrodes, and a few submerged 
arc welds, · all -v1elding v1as done on automatic, inert-
gas-metal-arc apparatus using direct current and reverse 
polarity. Current was supplied by a three phase rectifier 
unit. All controls could be preset to give desired 
current, voltage, and travel speed levels. Through the 
use of appropriate valves the shielding gas could be 
varied as desired. Shielding gases used were argon, 
argon + 1% H2o vapor, and argon i+ l%H20 vapor+ 5% H2 gas. 
' I 
,.;;'!J_~f~..-_.Lc,,·-.,.,·~~~-- ,- •· ·-
' 
·- .,._ .. ,·~-. 
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• 
The wet argon was obtained by bubbling the gas through 
water at room temperature.· A total shielding gas flow 
~ 
of 55 cfh was used on all specimens. 
The majority of the tests were made with A632 
electrode. T·he wire was baked in a circulating air oven 
for a minimum of 11/2 hrs. at 190° F. prior to welding. 
T·he electrode was stored in a container with desiccant 
to prevent the absorption of moisture. 
All specimens were welded without preheat and were 
allowed to air cool nonnally unless otherw'ise noted. A 
shielding gas of pure argon was nonnally used unless 
otherwise specified. 
A limited number of submerged-arc welds were made 
·by the Lukens Steel Company on HY-80 plate. Oxweld 100 
wire and Lincoln 860 flux were used on these specimens. 
The base plate was of the same heat and thickness as that 
used in the program. 
Specimen Development 
The initial portion of the program was concerned 
with the development of a test specimen which would cause 
heat-affected zone microcracking to occur in a predictable 
and reproducible manner. With this goal, numerous types 
and configurations of specimens were welded with both the 
shielded-arc process (Ell018 electrode) and the inert-gas-
metal-arc process (A632 electrode) on HY-80 and T-1 base 
plates. HY-80 was chosen particularly because it had been 
> 
I 
,_ .I 
·.,· -~ 
.. 
I . 
._ ........ _____ ___, . ._ . ..__.....,,., ..• _,__,.-..~ ... _ ............. ,-.. ,. c- .... -.. ·- -- ~--·,·-· .. ·----·-- - ·-· . ~,--·-·--··-.<.-----.--··-- ---·-- - -
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shown to be sensitive to microcracking. The specimens 
evaluated included the multiple-bead-on-plate test, the 
Lehigh restraint test, the Cruciform test, and various 
otr1er configurations, all designed to produce a highly-
stressed v:eldlnent. A variety of weldin,g conditions and 
heat inouts was used. The presence of microcracks was 
detected by metallographic sections of the various 
v1eldrnents. 
The results of this study sho1,~ed that most of the 
specimens produced little or no microcracking. The only 
type which produced a significa11t amount of microcracking 
was the multiple-bead-on-plate test welded by the inert-
gas-metal-arc process. Similar tests made vii th Ell018 
electrode contained far fewer cracks. C rackinrr in the a 
early tests was only observed in the HY-80 1r1eldments. 
It was therefore decided to make an initial study 
of welding para.meters using the multiple -bead-on-plate 
specimen. The 1 l/2tt thicl< HY-80 was chosen since it 
had been sho1m to be susceptible to 1nicrocracking. A 
standard test specimen was then adopted consisting of a 
9n x sa block, Blan chard ground on the v-1elding surface. 
The 9" direction was parallel to ~he rolling direction 
of the plate. Im~ediately prior to welding, this surface 
was degreased vii th acetone. Three 5" long weld beads 
were then deposited in the 9n direction, centered in the 
block, and just slightly overlapping. The suecimen was 
,,:. 
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allowed to cool to room temperature between passes, and 
previot1s v1elcls and. the adjacent sur-fEtce vrere ·vrire brusl1ed 
prior to the next weld. Current, voltage, and travel 
speed readings were ta~en for each weld. 
snecirnE:111 vras a.llov.red to cool to room temnerature nrior ~ L A 
to sectio11i11E; for exe.!nination. 
After the first series of tests had been m2de, 
difference existed between the multinle-bead suecimen 
C 
and a single bead specimen. }i'or the latter, a 9'" x 4~, 
block 1vvas adopted 1,,ri tl1 a 5n long bead. cer1tered on the 
ground surface. When the degree of cracking was reduced 
to a "'per vveld a value, it \ias found tl1at the level of 
cracking was identical for single and multiple bead 
speci!nens. rrherefore, the 9n x 4a single bead s-pecimen 
vii tl1 the 9n lengtl1 parallel to the rolling direction vras 
adopted as tl1e sta_ndard tEJst speci!Tlen for future tests 
( l?igure 1). Tl1e only variation ~lras tr1e difference in 
thickness of the different steels. 
Detection of 1'4.icrocraclcs 
----- - ------
Three transverse sections for metallographic exa~ina-
,. 
tion were cut vfi th a ba11d saw under coolant, from between 
the middle and end of each weld. Due to their high 
as-0elded hardness, the D6AC and 9-4-25 specimens were 
radiac cut under coolant and a minimum of .02on ground 
from the surface to be exarnined. 
r 
-
·-' . 
r , 
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Early work indicated that even a slight amount of 
disturbed metal on the polished metallographic surface 
could obscure the cracks. Electropolishing was attempted 
in an effort to avoid disturbed metal, but problems with 
selective attack of inclusions made this technique unsat-
isfactory. It was found that a specimen apparently free 
of disturbed metal could be produced by careful mechanical 
polishing and light etching, and therefore the following 
metallographic preparation technique was used: 
a) Machine surface grind, fine wheel 
b) Hand ·grind through 1, 2/0, 3/0, and 4/0 papers 
c) Diamond polish (6 micron paste, nylon cloth) 
d) Alumina polish (Linde A slurry, microcloth) 
e) Light etch - 1% Nital 
f) Alumina polish to remove etch (Linde B slurry, 
microcloth) 
g) Light etch - 1% Nital 
h) Alumina polish t_.o remove etch (Linde B slurry, . 
microcloth) 
i) Light etch - 1% Nit·al 
j) Microscopic examination 
The purpose of the final etching was only to delineate 
the different areas of the weld so as to facilitate the 
location of cracks. Examination was done with an optical 
microscope at lOOx and 500x. T·he number of cracks per 
section was recorded. The average number of the three 
I 
. . ~ 
I :· . -
'./: 
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sections was taken as the cracking level for that partic-
ular specimen. 
Measurement of Contour Parameters 
The various contour parameters (A, B, C, and D -
Figure 2) were measured by projecting an image of the 
weld cross-section onto frosted glass at lOx. Measure-
ments were then made to the nearest 64th of an inch and 
these values reduced to the appropriate true value. 
Since the D measurement was judged to be the best parameter, 
only this value was recorded for most of the specimens. 
This stems from the fact that it was often a judgement 
decision as to just where the boundary between B· and C 
was located, as· this boundary was not always clearly 
defined. The D parameter, however, merely entailed 
measuring the maximum distance between the tangent joining 
the weld extremities and the fusion line. The D value 
used was the average of the values taken from both sides 
of the weld. 
Edge Welds 
A few bead-on-plate tests were made on the plate edge 
perpendicular to the rolling direction in HY-80 steel. 
The specimen in this case was 9" x 2 5/8'' x1·1/2". Heat· 
inputs used were 35,500 and 53,500 joules/inch. 
Microcracking and Delayed Cracking 
Attempts to determine whether any relationship existed 
between microcracking and delayed cracking involved a 
' '. :/' .,'!• ":'..._,_; _ __ ,'. ,'_. 
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modified version of the Lehigh restraint test and the 
standard bead-on-plate test but with a 3" weld. Shielding 
' gases of argon+ 1% water vapor or argon+ 1% water vapor+ 
· 5% hydrogen were used. 
The groove modification of the Lehigh restraint test 
is shown in Figure 3. This change was necessary because 
the Lehigh test in its standard configuration was found 
not to produce heat-affected zone microcracks. 
Prior to welding, all grooves and slits were cleaned 
with emery cloth and degreased with acetone. During the 
welding of these specimens the bottom of the joint was 
shielded by a flow of pure argon gas, regardless of what 
shielding mixture was used. 
In the bead-on-plate tests, some of the specimens 
were allowed to air cool, whereas others were quenched 
in 74° F. water JO seconds after the completion of welding. 
All specimens were stored at room temperature for a 
minimum 24 hours prior to sectioning for metallographic 
examination. 
Crack detection in the modified Lehigh restraint 
specimen was accomplished with the apparatus described by 
10 Interrante and Stout. By the use of this device it was 
possible to record exactly when delayed cracking of a 
specimen occurred •. · One cross-section of both cracked and 
uncracked weldments was taken from the center of the weld 
to determine the presence or absence of microcracks and 
)' 
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also the locus of macrocracking, if it occurred. 
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RESULTS AND DISCUSSION 
. . Cracking !!! Bead-on-plate Weldments 
Of the tests evaluated in specimen development, it 
was noted that only the multiple-bead-on-plate specimen 
with welds deposited by the inert-gas-metal-arc process 
seemed to produce a significant amount of heat-affected 
zone microcracking. It was for this reason that such a 
specimen was chosen for the initial series of tests on 
HY-80 varying current, voltage, and travel speed. Exam-
ination of three metallographic sections from each weld-
ment revealed that the degree of cracking did not seem 
to correlate directly with any of the above mentioned 
welding parameters, but that cracking generally seemed 
to increase as the heat input increased. B;ead contour 
also seemed to be important, because microcracking was 
only observed under the shoulder portion of the weld 
(Figure 2); cracks were not observed around the finger 
portion of the bead. The microcracks were more or less 
perpendicular to the fusion line, intergranular in nature, 
and generally limited to the coarse-grain region of the 
heat-affected zone. The average length was .002'1-.003". 
Comparison of the various welds indicated that more 
cracking occurred when the finger portion of the bead was 
very pronounced. Since no direct correlation between 
cracking and external welding parameters was found, it was 
then sought to determine .. whether cracking could be related 
to bead geometry • 
I• 
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After analysis of the initial series with HY-80 
had been made, studies were made to compare the degree 
of cracking in single and triple-pass bead-on-plate 
weldments. It was found that the degrees of cracking 
· were comparable when reduced to a per weld section value 
for similar welding conditions. For this reason, the 
bulk of the testing was perfonned using only a single-
pass specime·n. T'he results of this comparison are 
shown in Table III. 
·,. 
Thet' parameters A, B·, and C (Figure 2) were initially 
defined. The results of plotting crack:ing level vs.- the 
C/B ratio are shown in Figure 4. It is apparent that, for 
a given heat input, the severity of cracking increases 
as the C/B ratio increases. It is also apoarent that a 
family of curves exists for the various heat input levels. 
Lower heat inputs have shallow slopes; higher heat inputs 
have steeper slopes. For any given heat input, then, one 
should be able to predict roughly the level of cracking if 
the C/B ratio is known. 
In order to make the corr·elation in Figure 4 more 
useful, it was thought advantageous to have all the results 
in a single correlation rather than as a family of curves. 
In Figure 5 the weld width A has been used as an, approxima-
tion of the effect of heat input, since the width generally 
increases as the heat input increases. The result of 
multiplying the C/B ratio by A was to collapse the data 
.·: 
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into what is esentially a single correlation for all levels 
of heat input. 
The C and B parameters are sometimes difficult to 
determine because the "boundarytt between the elliptical 
and finger segments of the bead was often not clearly 
evident. Thus, the judgement concerning the location of \ 
this boundary could lead to serious errors. The D parameter 
was defined in a search for a more absolute measure of 
bead contour. T·he value of D is readily determined on 
any section merely by constructing a tangent between the 
finger and side extremities of the bead and measuring the 
maximum distance from this tangent to the fusion line. 
Figure 6 illustrates that the correlation between cracking 
level and the D parameter is at least as good as any of 
the previous relations. It is quite evident that as the 
value of D increases, the cracking level increases 
correspondingly for HY-80. 
Curves similar to that of Figure 6 were obtained for 
T-1, A302B, HY-150, 9Ni-4Co-.25C, and D6AC. These are 
shown in Figures 7, 8, and 9 for T-1, A302B., and 
9Ni-4Co-.25C. As is obvious, the cracking level was 
much lower in these steels than in the HY-80. The cracks 
were of- the same general nature and appearance as those 
in HY-80.. No cracks were observed in HY-150 or D6AC, 
even at high D values. T'he experimental data for the. 
tests illustrated in Figures 4-9 are given in Table IV. 
------------------~~· ~.--
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Typical heat-affected zone microcracks found in HY-80 
are illustrated in Figure 10. The direct link of the micro-
crack and the inclusion shown in photograph c was not often 
observed but has been included here because of some interest-
ing observations which can be made. Nonnally, such in-
clusions are elongated due to rolling and have a smooth 
contour from end to end. The tip of the inclusion which 
extends up into the crack would not nonnally be present. 
The most reasonable explanation, therefore, is that the 
crack originated first near the fusion line and then extended 
out to the inclusion while the inclusion was in a fluid or 
extremely plastic state. Apparently then, part of the 
inclusion was either forced up into the crack or drawn into 
it by capillary action, resulting in the small tip extension 
showno Such an explanation thus requires that the heat-
affected zone cracks must be of a high temperature origin. 
Microcracks typical of those found in T-1, A302B, and 
9Ni-4Co-.25C alloys are shown in Figures 11, 12, and 13. 
The illustrated relationship between severity of crack-
ing and contour thus allows one to postulate the cause of 
the cracking. The basic factor is the presence of thermal 
stresses. Examination of the local stress-strain situation 
around the bead immediately after the passage of the arc 
suggests that two effects may be operating simultaneously 
to produce the heat-affected zone tearing. 
The first effect is the non-uniform solidification of 
·.( ... 
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the weld bead itself. As the arc traverses the block, 
it leaves behind a pool of fused metal with a configuration 
similar to that shown in Figure 2. The finger portion of 
this weld is virtually surrounded by the cold metal mass 
of the block, while the elliptical portion of the weld 
contacts air over the entire top surface and probably is 
still receiving some heat from the arc. The effect is then 
to cause non-unifonn solidification. It is likely that 
the finger portion solidifies first, and the thermal 
contraction of this segment causes tensile stresses to be 
set up in the heat-affected zone under the shoulder portion 
of the bead while this zone is still only slightly below 
the bulk solidus temperature of the alloy. It seems 
reasonable that, depending on composition, low melting 
segregate liquid films may be present at the heat-affected 
zone grain boundaries at these temperatures. If this is 
so, the tensile stresses upon this region would tend to 
·, 
cause fine microcracking as a result of hot tearing where 
these films are present. 
The second effect concerns the inability of the coarse 
grain region of the heat-affected zone under the bead 
shoulder to adjust plastically under contraction stresses 
caused by cooling. The situation is depicted schematically 
in Figure 14. As the arc passes, the region under the 
shoulder receives the most heat since there is molten 
metal both above and be~e this region. The heat of 
:. 
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welding initially places this area in compression, part 
of which is relieved by a hot-upsetting of the coarse 
grain,heat-affected zone. The upset follows the path of 
least resistance, which is in this case toward the weld 
metal. As t~e arc passes and cooling commences, the 
heat-affected zone starts to contract. Since the cooling 
rate in the hottest portion (A in Figure 14) is faster 
than in regions further from the fusion line, a greater 
change in dimensions must occur in the hottest zone 
during any given time period. The contraction is resist-
ed by the region Bin Figure 14, which effectively 
restricts the contraction of zone A because it is colder 
and thus stronger and more rigid than zone A. The effect, 
then, is that the very hot zone, A, must adjust to the 
constraint offered by B-. _If the hottest region adjacent 
to the fusion line suffers from the presence of low 
melting grain boundary segregates, this region may have 
nil or very low ductility when plastic deformation is 
required. Such a situation would lead to hot tearing 
adjacent to the fusion line. 
Both thermal effects cited above would be expected 
to cause intergranular microcracks approximately perp~n-
dicular to the fusion line, as was observed. Both offer 
explanations for the contour relationships shown partic-
ularly in Figures 4-6. In the first, greater concavity 
corresponds to greater stresses due to solidification of 
I 
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the weld finger. In the second, greater concavity 
causes a larger heat-affected zone area receiving 
maximum heat (Zone A, Figure 14) while simultaneously 
producing a more severe rigid "shelfn which tl1is hot 
zone must adjust to during cooling. In both cases, 
the presence of segregate-damaged grain boundaries 
adjacent to the fusion line would lead to hot tearing. 
Since such grain boundary damage is usually associated 
with a certain peak temperature, the tearing would be 
expected to be confined to the coarsest portion, as was 
observed. Areas of the heat-affected zone somewhat 
removed from the fusion line would not experience the 
damaging peak temperature and thus would be able to 
adjust plastically without failure. 
Having made the bead geometry analysis of micro-
cracking in bead-on-plate weldments, it at once became 
apparent why little cracking was found in similar 
specimens made by the shielded arc process using Ell018 
electrodes. Figure 15 shows a transverse section through 
an inert- gas-metal-arc weld illustrating the pronounced 
finger penetration effect wh~ch can be obtained with 
this process. Figure 16 shows a transverse section through 
a shielded-arc weld, illustrating the more rounded contour 
which is generally produced with this process. According 
. 
to the cracking-geometry analysis made previously, little 
or no cracking would be expected in welds such as these. 
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This was in fact found to be true. At higher heat 
inputs, a slight finger penetration effect may be 
obtained using the shielded arc process. 
occurred, cracking was found to increase 
When this 
~. , a.ccoruing.Ly. 
The location (i.e., in the shoulder region} and type 
of cracking were the same as observed in the inert-
gas-met&l-arc welds. 
In 9rder to check the contour analysis further, 
a series of welds was made on the same heat of HY-80 
using the submerged-arc process. Heat inputs used 
varied from 40,200 joules/inch to 82,000 joules/inch. 
As is indica~ed in Figure 17, a generally convex 
contour resulted with this process. The small amount 
of concavity would be expected to produce a slight 
amount of cracking. This was found to be true. As 
Table V shows, cracking was also found to increase as 
the D parameter increased. 
It was interesting to note that the cracking data, 
though low in value for both the shielded-arc and 
submerged-arc processes, fit reasonably well the curve 
established for the inert-gas-metal-arc process in 
Figure 6. This would indicate that cracking in the 
ranges considered was primarily a function of the bead 
contour and was not significantly affected otherwise 
by either the welding process or differences in electrode. 
It is also significant that increased D values corresponded 
\ 
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to increased cracking for the three processes considered. 
The great effect of bead geometry on cracking has 
thus been shown to apply to various welding processes. 
Past investigations have indicated that joint geometry 
had no effect on heat-affected zone hot tearing. This 
idea must now be modified. While stresses caused by 
the joint itself may not become a factor at the high 
temperatures at which hot tearing occurs, the joint 
geometry can be very important in determining the 
contour of the solidifying weld bead, and affect crack-
ing in this manner. Thus, a bead-on-plate weld, butt 
weld, or outer welds in multiple-pass butt joints may 
solidify in such a way as to cause microcracking, as 
was found in this investigation. On the other hand, 
welds deposited in fillets or U-grooves would tend to 
solidify with~ more rounded contour and therefore 
would probably contain little or no microcracking. 
This effect was found to be present in the evaluation 
of several test specimens of differing joint geometries. 
Boniszewski and Watkinson5 cite some work on heat-
affected zone hot tearing from which it is apparently 
concluded that hot tearing occurred at definite 
geometrical p~sitions about the bead, specifically l/3 
of the distance from the weld toe to the center of the 
bead. It is interesting to note that such a position 
corresponds roughly with the shoulder of the bead, 
' ,..i'f-··· ,. . • . ~,- -
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indicating that the tearing may have been similar to 
that found in this investigation. The above authors, 
however, found that cracking may occur anywhere 
throughout the heat-affected zone along the fusion 
boundary. 
Microcracking and Chemical Composition 
Having determined the relationship between'micro-
cracking and bead geometry and obtained data for the 
various steels in the .program, it was sought to use the 
bead-on-plate test to rate the relative microcracking 
susceptibilities of these steels. Such a procedure 
was especially desirable in view of the simple nature 
of the test. A measure of the relative cracking 
susceptibility for a given steel was taken as being 
the cracking level at the D value of 0.1 inches. 
When this value was naken for the six steels and a 
comparison with chemistry was made, it was evident that 
the density of microcracks decreased as the Mn/S ratio 
increased, as indicated in Table VI. No cracking 
whatsoever was observed in steels with very high Mn/S 
ratios (130-175). 
The preceding results give support to the theory 
that microcracks of the type observed are of a very 
high temperature origin, occurring just below the bulk 
solidus temperature of the alloy. It appears that the 
primary ~ause may be the presence of low melting sulphide 
,. 
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r· films at heat-affected zone grain boundaries. The 
role of manganese ·in preventing hot shortness in steel 
has long been recognized. It is apparent that the 
' 
manganese serves a similar function here. Since the 
hot tearing depends upon the presence of liquid films 
at grain boundaries, reduction or elimination of 
these films at temperatures where contraction stresses 
are imposed would be effective in reducing or eliminating 
such failures. The occurrence of heat-affected zone 
microcracks at low Mn/S ratios thus indicates that 
insufficient manganese is present to prevent the form-
ation of such films caused by the segregation of 
sulphur in grain boundaries. The absence of cracking 
even at high D values indicates that such films are 
not present in HY-150 or D6AC. It appears that no 
cracking should occur for Mn/S ratios greater than 
60 or 70, although no data in this range is presented. 
Borlandll studied hot cracking in low alloy steel 
weld metals and related the cracking to the Mn/S ratio. 
He found that cracking in the patch test was most 
severe for Mn/S ratios below 50-80, with a minimum 
level of cracking for Mn/S ratios from 90-130. He 
found an apparent increase in cracking for ratios 
greater than 150, an observation not confirmed by the 
present work. 
The explanation for the beneficial effect of 
" I 
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manganese in preventing cracking is obtained by exam-
ination of the hot cracking theories for weld metals. 
The most comprehensive theory has been proposed by 
Borland12 an<;i expanded in a later work13. The basis 
of this theory seems applicable to metal which has not 
been fused but which has been heated very close to the 
solidus temperature. Borland states that the tendency 
for super-solidus cracking depends on the quant.ity and 
distribution of liquid in grain boundaries during 
solidification. A weld heat-affected zone containing 
---liquid segregate films at grain boundaries would be 
similar to this situation. According to the theory, 
the liquid distribution is governed largely by the 
ratio of the interphase (solid/liquid) and grain boilnd-
ary energies, which are related to the dihedral angle 
indicated by the equation 't5 ~ _ __ 1 __ _ 
er s s 2 ~(8/a) 
where: 'ts~ = interphase energy 
t ss = grain boundary energy 
9 = disedral angle 
Low ratios (slightly greater than 0.5) correspond to 
dihedral angles near 0°, with the liquid phase almost 
continuous over the grain faces. Such a situation over 
a wide temperature range is harmful because the stresses 
are then concentrated on the small areas joining the 
dendrites. High ratios correspond to dihedral angles 
closer to 180°, at which the liquid phase is concentrated 
.. 
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at grain corners and edges. Such a situation is beneficial 
with respect to cracking because contraction stresses 
are spread over a larger bonded area. Thus it is seen 
that the dihedral angle is an important consideration in 
cracking. 
Ledman, Lundin, and Savage14 report in their study 
of cracking in HY-80 that sulphide inclusions wet 
austenite grain boundaries when heated above some 
critical temperature. In a study of iron-sulphur 
alloys, Keh and Van Vlack15 found that although FeS 
melts at 2174° F., surface energy considerations for 
complete wetting of the austenite grain boundaries 
(dihedral angle~o 0 ) are unfavorable below 2372° F., at 
which time complete wetting occurs. They also report 
that the addition of manganese to iron-sulphur alloys 
alters surfac:e energies of the phases in such a way as 
to increase the temperature for complete wetting. T·he 
actual temperature of wetting depends on the relative 
manganese and sulphur concentrations. Thus, the bene-
:i-:r--·--·- _____ ;a._----~ . -.·.· -· ·.·-,-·· --- -- ···-··--- -- --- -··--·----- -·· 
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f i cial effect of manganese is explained in tenns of 
surface energy and dihedral angle considerations. Man-
ganese apparently reduces crack susceptibility by retard-
ing the wetting of grain boundaries by sulphide films. 
Apblett and Pellini16 have schematically illustrated 
the effect of lower melting segregates in increasing the 
crack susceptibility of solidifying metal. T·his is 
-· 
... 
• ' • ,,. '• >• ,-.'. _,. •·~~w., • • .. ••• .. -',•,; o.~· •~---
:/ 
'< ~ 
,, 
~ 
-31-
shown in Figure 18. A similar effect occurs in unfused 
metal heated to just below the melting temperature. As 
can be seen, the segregate solidus may lie well below 
the nonnal or bulk solidus of the alloy, due to the 
presence of segregate films in this range. The effect 
of this localized solidus depression is to increase both 
the time and temperature ranges in which the cooling 
material is susceptible to hot tearing. Cracking will 
occur if sufficient stresses are built up before the 
segregate solidus is reached. If no segregation is 
present, it is likely that the material will be through 
the normal film stage before stresses sufficient to 
cause cracking have a chance to build up. 
As was mentioned earlier, the susceptibility to 
tearing as a result of grain boundary segregation is 
usually related to thermal exposure above a certain peak 
temperature. Many investigators believe that as the 
heat-affected)zone grain size increases during welding, 
-impurities and inclusions are swept from the grains, 
resulting in a concentration of segregates at the grain 
boundaries. In this respect, the coarse grain area 
would be expected to be the most susceptible to hot 
tearing, since here there is a minimum of grain boundary 
area per unit volume to contain the segregate. By this 
same reasoning, one might expect that longer cracks would 
, be present in specimens welded at high heat inputs and 
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large D values, since these conditions would tend to 
produce a larger coarse grain area. This was generally 
found to be true. Of the cracks illustrated in Figure 10, 
those shown in photograph ''an were from a sample ,~i·th a 
heat input of 142,000 joules/in., while the other cracks 
shown are from lower heat input samples. 
The previous simple correlation between cracking 
sensitivity and Mn/S seemed rather surprising in view 
of the extensive compositional differences among the 
six steels tested. For this reason, various other steels 
were chosen for bead-on-plate tests welded to produce 
D values of approximately O.l". It was sought to deter-
mine if the simple relationship of cracking and Mn/S 
ratio would apply over a wider range of steels. 
Steels chosen for additional tests were HY-65, A201, 
A203, A212, another heat of HY-150, and two additional 
heats of HY-80. Compositi'ons are listed in Table II. 
In cases where actual welds did not have D values of 
exactly 0.1n, the best estimate of the cracking level 
at 0.1n was made based on the data obtained. 
Experimental data for the supplementary tests are 
given in Table VII. The results of tests on all steels 
are shown in Table VIII, arranged in order of increasing 
Mn/S ratio. It is apparent that the relationship of 
decreasing cracking with increasing Mn/S ratio is 
': \ ' 
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followed as a general trend. There are, however, some 
e~ceptions to this pattern, indicating that other 
compositional factors may be influential. Considering 
the compositional differences which are represented, 
the presence of such exceptions is not surprising. 
It was felt that the data were insufficient to 
justify an extensive attempt to further correlate 
cracking with composition, so the analysis has been 
limited to an examination of the data for trends which 
are readily discerned. 
First analysis indicated that the carbon content 
might be important. Figure 19 illustrates the plot of 
carbon content vs. Mn/S ratio for all steels, with the 
cracking level at D = O.l'' indicated by each point. It 
is apparent that, for a given Mn/S ratio, ~he degree of 
cracking increases as carbon content increases. The 
only observed exception to this rule is 9Ni-4Co-.25C 
alloy with a Mn/S ratio of 25. This steel is far 
different in composition from any of the others; in 
addition, the silicon content is only 0.02%. If the 
same correlation is plotted as C + Si vs. Mn/S, the 
relative positions of the other steels-are essentially 
unchanged, while the 9Ni-4Co alloy falls into place. 
Referring again to Table VIII, the exceptions to 
the trend of cracking vs.Mn/Scan be better rationalized. 
. i 
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The first ~wo heats of HY-BO are inverted, but the 
carbon content of the first is higher than that of 
the second. The HY-65 is the most obvious exception 
of the group. This steel has a very low carbon content 
of 0.12%. A201 steel contains no cracks at a Mn/S 
ratio of 28. It too has a low carbon content of 0.11%. 
In addition, A201 is a plain carbon grade, compared to 
the other alloy grades. 
Other elements would also be expected to alter 
cracking sensitivity if their presence caused one of 
the following two effects: 1) changed the solid solubility 
of the matrix for elements prone to segregation, such as 
sulphur; or 2) changed the dihedral angle of the sulphide 
phase in such a way as to change the grain boundary 
distribution of this phase. Keh and Van Vlack15, for 
instance, have found that the addition of aluminum to 
iron-sulphur alloys increased the temperature at which 
sulphides wet the austenite grain boundaries, but the 
effect was far less pronounced than that of manganese. 
On the other hand, oxygen has been shown to have a 
similar effect, and the presence of aluminum or other 
deoxidizers may nullify this advantage. Borland13 
suggests that copper in the correct amount may be 
beneficial, if combined with sulphur, for dihedral 
angle considerations. It is interesting to note that 
' . 
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HY-65, in addition to having low carbon, also contains 
significant amounts of copper and aluminum. This steel 
showed far less cracking than would be expected at its 
Mn/S ratio. 
It is obvious that the causes of cracking sensitivity 
may be quite complex, with different elements operating 
in different ways. The trend of decreased cracking 
with increased Mn/S ratios is well established. Cracking 
also seems to follow carbon content consistently. The 
data here, however, so not lend themselves to extensive 
evaluation of the effects of other elements. 
Sectioning J\.~ethod 
The procedure of examining for microcracks in this 
investigation involves the preparation of transverse 
cross-sections of the weld area. Boniszewski and Watkin-
son5 indicate that this may be a poor procedure and re-
port that sections cut at a slight inclination to the 
original plate surface reveal cracks much more sensitively. 
Several specim~!ls, __ c9z:it~int:g.g __ frorn zero to many micro-
----,----·---:--~,.....,... ----- ·--~- - ...... - --
\. I• ; 
cracks, were selected from HY-80 and HY-150 welds for 
comparison. Oblique sections were made at 15° and 20° 
from the plate surface. The results showed that similar 
values were obtained for both methods, indicating that 
the transverse sectioning procedure was as good as the 
oblique method. The oblique sections, however, had the 
·-- .... -----..--J, ... -...~ ... --· ....... -~,.~, .. ~, .. --,···--- -~.-- ,_ . .,...,~ . 
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advantage of revealing more fusion iine and, since the 
section was taken in a direction somewhat parallel with 
' 
the cracks, tended to make the cracks appear longer. 
In this respect, the oblique section might be superior 
in aiding the detection of very small longitudinal 
defects. 
Several sections were also taken longitudinally 
with the weld bead and normal to the plate surface. 
These confinned the previous results of the transverse 
sections. Longitudinal sections through the center of 
the weld finger contained no microcracks; longitudinal 
sections through the shoulder portion of the weld 
revealed the presence of heat-affected zone cracks in 
specimens which had shown such cracks in transverse 
sections. These results, then, confirm the fact that 
the cracks are of a longitudinal nature. 
Edge Welds 
Several bead-on-plate specimens were deposited on 
the plate edge perpendicular to the rolling direction 
instead of on the plate surface, as was the normal 
practice, in an attempt to study the effect of weld 
location on microcracking in HY-80. Welds were deposited 
on the l 1/2" edge under normal conditions. Subsequent 
evaluation o·f the density of cracking £it reasonably 
well the curve of Figure 6 which was established for 
I,• 
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plate-surface welds. Therefore, no change in the density 
of cracking was indicated. Experimental data are listed 
in Table IX. 
These specimens were also examined specifically to 
determine if the microcracking had any obvious relation 
to banding segregation in the original base plate. 
Such banding was revealed more clearly after annealing 
the specimens by heat treating at 1650° F. for one hour 
and furnace cooling. Subsequent metallographic examina-
tion did not indicate a preference for cracking in either 
·the light or dark etching banded regions. 
Effect of Rare Earth Additions 
--- - -- --- -----
Ledman, Lundin, and Savage14 have studied the various 
effects of rare earth additions in several heats of 
HY-80. They reported a beneficial effect on hot-ductility 
properties and found that small additions increased the 
peak temperature required to cause the fonnation of 
continuous films of sulphides in austenitic grain bound-
aries. Sopher17 reports that rare earth additions are 
benei'icial in increasing the hot cracking resistance of 
4340 type weld metals, both by increased desulphurization 
and by producing a more favorable sulphide distribution. 
In an attempt to study the effect of small amounts 
of rare earths on microcracking in HY·-So, several bead-
on-plate specimens were made on 2'• thick plate of a heat 
·!.' 
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to which .003 wt.% rare earths had been added. No micro-
cracking was observed in specimens welded under :conditions 
which produced D values up to .093". The non-treated 
high chemistry heats of HY-80 were found to contain 15-20 · 
microcracks per section at this level. Unfortunately, 
it is difficult to say if the total effect can be attribu-
ted to the rare earth additions because this heat also 
had a relatively high Mn/S ratio of 39, as compared to 
ratios of 12 and 15 for the other heats. While this 
favorable ratio was probably obtained as a result of 
desulphurization by the rare earths, the lack of an 
untreated heat of HY-80 with similar chemistry makes a 
direct comparison difficult. 
Experimental data for these tests are given in 
Table VII (A). 
Microcracks and Delayed Cracking 
·" I'. 
Two methods were employed to explore the possibility 
that microcracks might serve as-initiation points for 
delayed hydrogen-associated cracking. In the modified 
Lehigh restraint specimen (Figure 3), it had been hoped 
to compare the critical· re_straint level of the welds 
containing few or no microcracks with that of welds 
containing many heat-affected zone microcracks. HY-80 
was used for all tests because of its high susceptibility 
for mic~ocracking. Unfortunately, changes in welding 
,. 
, 
•• 
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conditions required t'o produce the extreme levels of 
microcracking also resulted in different weld reinforce-
ments, tl1ereby making a direct comparison impossible. 
Because of this differenc~, the specimens with few 
microcracks cracked more readily than those with many 
cracks. In specimens with many microcracks, no delayed 
cracking was observed at 4 inches restraint, while 
cracking occurred after 1.3 hours at 4 1/2 inches of 
restraint. Microscopic examination of the welds revealed 
that the heat-af .fected zone microcracks were concentrated 
at the shoulder of the weld. The delayed cracks, how-
ever, originated at the root of the weld in metal 
completely free of microcracks and progressed through 
the weld metal. These results are not conclusive but 
show that either the microcracks are not detrimental or 
that any effect they might have is masked by the greater 
crack-initiating tendency of the root notch. 
Experimental data and results of these tests are 
given in Table X. 
The second attempt to study the relationship between 
microcracking and delayed cracking made use of the bead-
on-plate specimen. It had been hoped to produce weld-
ments which contained both microcracks and underbead 
cracks and thus any relationship might be revealed by 
metallographic examination. 
I , 
J •• 
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The tests were generally unsuccessful in producing 
underbead cracks. No underbead cracks were obtained in 
HY-80, HY-150, or D6AC plates with welds deposited under 
argon + 1% H2o vapor or welds made with the A632 electrode 
cathodically charged with H2 in 4% H2S04. In a series 
of welds deposited under argon+ 1% H20 vapor+ 5% H2 
gas, underbead cracking occurred only in the D6AC 
specimen. As was found in the previous work, only HY-80 
contained microcracks; none were found in either HY-150 
or D6AC. The underbead crack in the D6AC specimen ran 
through the coarse-grain region of the heat-affected 
zone parallel to the fusi·on line and was primarily 
transgranular. 
Experimental data for all underbead tests are given 
in Table XI. 
The tests were not successful in producing specimens 
in which both microcracks and underbead cracks were 
present. It is significant, however, that the underbead 
cracking occurred in a steel in which microcracks were 
never observed. 
>:·. 
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CONCLUSIONS 
1. Heat~affected zone microcracking observed in various 
quenched and tempered steels is of a high temperature 
nature, occurring just below the bulk solidus temperature 
. of the alloy. 
2. The severity of microcracking can be related to bead 
contour, indicating that the contour is influential in 
determining the local stress pattern in the heat-
affected zone immediately after welding. 
3. The senaiti vity to heat-affected zone microcracking 
is highly dependent on composition. Low Mn/S ratios 
(less than 50) favor the occurrence of cracking. No 
cracking was observed in steels with high Mn/S ratios 
(130 - 175). For a given Mn/S ratio, the density of 
cracks increases with increasing carbon content. 
Other elements probably influence the sensi ti vi ty to 
cracking to a lesser degree. 
4. Of the primary steels examined, HY-80 was most 
sensitive to microcracking, 9Ni-4Co-.25C, TtT-1", and 
A302B. were similar and much less sensitive, and HY-150 
and D6AC were insensitive to cracking. 
5. The inert-gas-metal-arc process produced more 
microcrackin.e: in HY=80 than either the shielded-arc 
-
·~· 
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process or the submerged-arc process, but the differences 
could be related to bead contour. 
6. No difference in crack density was found between 
plate-surface and mid-thickness welds on HY-80. 
7. Rare earth additions appear to be beneficial in 
preventing microcracking but most of the advantage is 
probably due to the added desulphurization. 
8. No evidence was found that microcracks initiate 
delayed failure. Delayed failures have been observed 
in specimens and steels which were insensitive to 
micro cracking. 
.. .. ,; 
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Steel 
HY-80 
"T--1" 
HY-150 
9-4-.25 
D6AC 
A302B 
) 
A632 
Code 
HH 
PR 
LA 
B 
D) 
OR 
-
Fonn 
l-1/2'' 
l" 
l" 
l" 
1/211 
1" 
1/1611 
wire 
TABLE I 
BASE PIATE AND ETECTRODE CCMPOSIT.IONS 
C Mn p s Si Ni Cr 
- - - - - -
-,-
.15 .26 .010 .022 .• 18 2.84 1.52 
.15 .93 .015 .022 .27 .89 .48 
-.10 .7a 
-
.005 .28 5.03 .60 
.28 .20 • 005 0008 .02 B.33 .49 
.42 .70 .010 .004 .27 .55 1.00 
.21 1.20 .010 .028 .25 
- -
.05 1.32 .009 .012 .551.32 .09 
I 
Mo 
-
.45 
.44 
.54 
.49 
.94 
.50 
.43 
V Co 
- -
u-· ... 
.o6 
-
I 
.01 
-
.u 4.05 
oo6 
-
- -
.15 -
• -.- ~--- ... , ,-~-~ .. . .· .•.•.. •-.,,,.,.-.. _,:·~:~ ..... :,r-.-~- .ti::': • erl'"i:-=- • -. 
B 
-
-
.003 
-
.... 
-
-
j I . 
.f:-
"' - I 
-
.· . 
TABLE II 
SUPPLEMENTARY STEEIS USED :rn BEAD-ON-PIATE CRACKING SUSCEPI'IBILTI'Y STUDIES 
Steel Code Fonn C Mn p s Si Ni Cr Mo V B Cu Al 
- - - - - - - - - - - -
HY-80 y l" ·.18 .21 .01 .014 .23 2.93 1.82 .40 
-
.03 
- -
HY-80 H~ 2.•• .16 .35 .03 .009 .28 2.80 1.70 046 .01 
-
.01 .075 
HY-80 H lff .18 .36 .018 .016 .17 2:.25 1.22 030 
- - - -
~ HY-6.5 G 1'' .12 .48 .013: .032 .20 2.16 .06 .39 .11 
-
.70 .o.58 
A201 A l" .ll .69 .017 0025 .23 
- - - - - - -
A203 ER l" .15 .64 .01 .026 .24 3.-64 .05 .05 .02 .019 I 
- -
~ 
°' ' A212 BR 1" .32 .11 .02 .019 .24 .02 .03 .01 .. I 
- -
.005 
HY-150 3P 111 .ll· .78 .008 .006 .29 5.03 .56 .42 .05 
- - -
* .003 wt.% rare earths added 
1,:;_ 
_l-;, 
. ' ' . 
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TABLE III \ 
COMPARISON OF CRACKING LEVELS OF SINGLE 
AND TRIPLE-PASS BEAD-ON-PLATE WELDS 
(1-1/2" HY-80 S'I'EEL, A632 ELECTRODE) 
Current 
T·ravel 
Voltage Speed 
430 33 
305 3·0 
305 29 
305 29 
* 9"x8tt block 
** 9"x4'' block 
Current= amperes 
Voltage= volts 
15 
6 
15 
24 
..,, 
Cracks /Weld"" 
r·riple.-pass 
9 
3 
6 
6 
Travel Speed = inches per minute 
:..,..• 
/r1J ** Cracks, neld 
Single-pass 
13,9 
5 
6. 
·5 
<? 
{ 
I) 
I' 
1,.1 
) 
. ·~. 
TABLE IV 
EXPERJMENTAL DATA FOR BEAD,-ON-PIATE TESTS ( A632 ELECTRODE EXCEPr WHERE NOTED ) * 
I 
Average cracks/section steel Specimen . 1Cu.:rren t Voltage Travel A B C D 
- - - -
A. HY-80 l 190 20 24 .20 .028 .ooo 4'000 o.o 
(Ell018) 2 305 29 24 .47 .135 .ooo .ooo o.o 
3 300 28 24 .34 .025 .068 .034 3.0 
4 JOO 30 24 .34 .017 .079 .026 5.0 
.-(Ell018) 5 305 29 15 .64 .125 .030 .009 o.5 
6 30.5 29 15 .49 .040 .099 .045 5.7 
7 305 29 15 .62 .o68 .116 .059 6.0 
·a 305 29 15 .58 .072 .076 .036 3.5 
9 305 29 15 .58 .061 .087 .038 3.0 
10 310 29 10 .81 .068 .135 .067 7.5 
ll 370 31 12 .72 .o66 .272 .100 12.0 
12 :430 33 24 .47 .091 .120 .030 3.5 
13 430 33 15 .58 .057 .178 .060 9.3 
14 :42.5 33 15 .78 .053 .315 .134 24.0 
"° 15 435 33 15 .66 .104 .321 .092 9.5 
16 430 33 6 1.09 .191 .221 .078 10.7 
17 430 33 6 1.10 .103 .277 .128 22.0 
18 425 33 6 1.09 .106 .280 .129 22.7 
B. ''T-1" l 295 29 15 .051 3.0 
2 305 29 15 .050 2.7 
!l 300 31 15 .040 1.3 
4 370 29 J.2 .094 2.0 
5 370 31 6 .100 3.3 
·6· 430 34 15 .086 3.3 
(continued next page) 
I 
~ , 
0). 
I 
I. 1 . 
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TABLE IV (continued) 
Steel Specimen Current Voltage Travel D Average cracks/section 
-
C. A302B l 310 29 24 .036 0.7 
2 315 29 15 .o6o 2.0 3. 365 29 12 .091 2.3 4 370 33 12 .OB7 3,3 5 380 30 12 .120 3.7 6 380 30 6 
.097 0.7 
7 430 . .34 15 .084 4.7 
D. HY-150 1.: 305 29 15 .o46 0 
2 370 29 12 .100 0 3· 370 30 12 .109 0 4 435 33 15 .136 0 I 
~ 
'° E. 9Ni-4Co- 1 300 29 15 .029 0 I 
.250 2. 370 29 12 .125 3.5 
3 410 33 15 .108 3.0 
F. D6AC 1 305 29 24 .022 0 
2 305 29 15 .031 0 
l 370 30 12 0083 0 
4 370 30 6 .o66 0 5 410 33 15 .109 0 
* Dimensions A,B,c, and Dare in inches 
f" ) 
• 
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TABLE V 
CRACKING vs. D PARAMETER FOR SUBMERGED ARC WELns* 
(1-1/2" HY-80 PLATE) . 
Heat Input D Parameter Cracks /Section 
40,200 .013" 
59,600 .015'' 
· 47,700 .025'' 
54,500 .028" 
51,200 .032 n 
82,000 .033" 
* Welds made by Lukens Steel Company 
Oxweld 100 wire, Lincoln 860 flux 
625 amps, 28-35 volts, 16-28 ipm 
·~·. 
Ii 
0.3 
0.3 
0.3 
1.7 
1.3 
2.3 
;•>. . 
-1#>•( \ 
f,.:-
"· 
f' 
,, 
I' 
,. 
2~ 
i' 
v:\ 
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TABLE VI 
COMPARISON OF CRACKING LEVELS AT D = 0.1" WITH Mn/S RATIOS 
Steel Cracks/Section Mn s 
-
Mn/S 
HY-80 13 0.26 .022 12 
9Ni-4Co 3 0.20 .008 25 
"T'-1'' 3. 0.93 .022 /+2 
A302 3· 1.20 .028 43 
HY-150 o·.: 0.72 .005 144 
-
D6AC 0 0.70 .004 175 
·.;. 
' 
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TABLE VII 
EXPERIMENTAL DATA FOR B·EAD-ON-PLATE 
TESTS, SUPPLEMENTARY STEELS 
Steel Specimen 
Travel 
Current Voltage Speed D 
-
A. HY-80 + HRl 375 28 12 .093" 
rare HR2 320 28 15 .037 
earths H'R3 370 28 12 .090 
B. HY-80 Yl 365 29 12 .083 
Y2 370 29 12 .106 
c. HY-80 Hl 365 29 12 .085 (low H2 365 29 12 .081 
chem.) 
A212 31 12 .053 D. BRl 370 
BR2 370 29 12 .109 
E. HY-65 Gl 375 29 12 .102 
G2 370 29 12 .092 
F. A203 ERl 365 29 l.2 .093 
ER2 370 29 12 .089 
G. A201 Al 370 29 12 .oS6 
A2 370 29 12 .093 
H. HY-150 3Pl 390 29 12 .084 
3P2 365 30 12 .092 
--··· --~---------·- --··· -
- ---- ---- - -- --- ------ -------- --- -
Average . 
Cracks/Sect. 
0 
0 
0 
10.3 
18.7 
a.o 
7.0 
1.0 6.o 
1.0 
2.3 
5.0 
7.7 
0 
0 
0 
,Q· ... 
............... 
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TABLE VIII 
CCMPARISON- OF CRACKING LEVELS AT D=O.l" WITH 
Mn/S RATIOS, ALL STEELS 
Steel Code Mn/S Cracks/Section 
H·Y-80 HH 12 13 
HY-80 y 15 16 
HY-65 G 15 2 
HY-80 ( low chem. ) H 22 10 
A203 ER 25 7 
9N.i-4Co-.25C B 25 3 
A201 A .2.a: 0 
A212 BR .. 37 5 
"T-1" PR 42 3 
A302 OR 43 3 
HY-150 3P 130 0 
HY-150 LA 144 0 
D6AC D 175 0 
-~ 
·.,. 
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TABLE IX \ 
EXPERIMENTAL DATA FOR BEAD-ON-PLATE-EDGE WELDS 
(HY-80 ST.EEL, A632 ELECTRODE) 
-
Specimen Current Voltage 
Travel 
Speed D Cracks/Section 
-
EHHl· 305 29 15 .Ol+9 4.0 
EHH2 370 ,29 12 .092 13.7 
·' 
. l . . 
:~ 
.. " ·~-, ...... ~.--- .... -- .. - ... -j-~~. 
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TABLE X 
RESULTS OF MODIFIED LEHIGH SPECIMEN 
DELAYED CRACKING TESTS (1-1/2" HY-80 PLATE, A632 ELECTRODE) 
Travel Cracking 
Specimen Restraint. Current Voltage Speed Time, hrs. 
LHH2 8" 305 29 12 0.1 
LHH3 6'' 375 31 12 0.3 
LHH4 5" 370 30 12 0.2 
LHH5 41t 365 29 12 No crack 
LHH6 5" 370 31 15 l.7 
LHH7 5" 305 29 12 0.1 
LHHlO 4-1/2" 370 29 15 l.3 
All welds made with Argon+ 1% H20 shielding gas 
I. 
-'· I 
TABLE XI 
RESULTS OF UNDERBEAD CRACKING TESTS FOR DELAYED FAILURE 
Underbead §pecimen Steel Current VoltaGe Travel Shielding Gas Postweld Cool Micro cracks Cracks 
BjffiI58 HY-80 270 27 15 A+ 1% H2 0 H2 0 quench Yes No 
BlIH59 HY-80 ·375 29 12 11 fl Yes No 
BJ'Pl HY-1',0 315 2·9 12 ,, Jf No No :· : 
-
BD7 re.Ac 370 2:9 12 " ·11 No No 
BHEt63 HY-80 270 2·7 15 A+ 1~ H2 0 +5% H2 ••• Yes No I V, , 
CJ' . 
BHHtS4 HY-80 .360 29 12 
'' 
II I Yes No 
B3P~t HY-150 365 30 12 .,, ti No No 
BD8 D6AC 365 30 l2 :.IJ Air cool :for No Yes 
5 mins., 
H2 0 cool 
BHH65 HY-80 . 370 29 12 A~ wire cathodi- H20 quench Yes No 
cally charged in 
4% H2 S04 
BD9 D6AC 370 29 12 fl Air cool for No No 
2 mins., 
H2 0 cool 
, -f• :· ·, 
.. 
:•,. 
••• '.i' 
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Examples of heat-affected zone microcracks found in HY-80 bead-on-plate welds made by MIG process with A632 electrode 
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Figure 11 
Typical Microcracks 
Steel Bead-on-Plate 
Etch~nt: l t Nital 
Figure 12 
Typical Microcrack 
250X 
Found 
in A302B Steel Bead-on-
Plate v.: eldment 
Etchant: 1% Nital 
-.. 
Found in 
VJeldment 
25ox 
"T-1" 
Figure 13 250X 
Typical r~icrocrack Found 
in 9Ni-4Co-.25C Steel 
Bead-on-Plate Weldment 
Etchant: 1% Nital 
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Figure 15 
Macrograph of Transverse 
Inert-Gas-Metal-Arc Weld 
Etchant: l~ Nital 
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Fig1-1re 16 
Macrograph of Transverse 
Shielded-Arc Weld 
Etchant: 11 Nital 
Figure 17 
Macrograph of Transverse 
Submerged-Arc r~ eld 
Etchant: 11 Nital 
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FIGURE 18 
EFFECT OF LOW MELTING GRAl'N 
BOUNDARY SEGRE GATES IN PROMOTING 
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CORRELATION OF CRAC~<ING WITH Mn/S RATIO AND 
CARBON. CONTENT 
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